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ABSTRACT

Field tests were conducted to measure the drag force
on long flexible cylinders subject to vortex-induced oscil-
lations. Four different types of cylinders, each 75.0 feet
long, were used in the experiments. These cylinders in-
cluded a uniform cable, a cable with lumped masses, a cable
with a vibration suppression fairing, and a steel tube.
Flow velocities ranged from 0 to 2.4 feet/second. Drag
force, current, and the horizontal and vertical accelera-
tion of the cylinder at seven locations were simultaneously
recorded. In addition, the tension on the cylinder was con-

‘'stantly monitored. From the data taken, drag coefficients

and the horizontal and vertical RMS displacements of the
cylinders were calculated. The drag coefficients for the
vibrating flexible cylinders are much greater than their
stationary values and show a strong dependence on the am-
plitude of vibration of the cylinder. A method for predic-
tlng the drag coefficient on a vibrating cylinder is used
in several cases to compare with the measured values.
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CHAPTER 1

INTRODUCTION

Vortex shedding from a cylindrical shaped object is a
result of flow separation. These shed vortices cause un-

steady forces to be imposed on the cylinder by varying the

local pressure distribution. If the cylinder is able to re-

spond to these unsteady forces, motion may result in both

the transverse and in-line direction. In addition to the
reduced fatigue life due to this motion, the transverse os-
cillations cause an increase in the steady drag force that
may greatly exceed the design limits. Marine drilling risers,
hydrophone cables; and deep water modrings used to anchor
floating platforms are all examples of cylinders in the mar-
ine environment that may experience vortex induced oscilla-
tions.

The purpose of the research work presented here was.to
determine the drag forces on a long flexible cylinder that
was excited by vortex shedding. To accompiish this, a series
of field tests were performed'during the summer of 1981. 1In
the tests, 75 foot long cylinders were placed between sup-
ports on a sandbar that was exposed at low tide and submerged
atbhigh tide. During these tide changes, the current caused
vortices to be shed from the cylinders and as a result the
eylinders were excited. Measurements taken during this time
included the drag force on the cylinder, cylinder teneion,

cufrent, and the horizontal and vertical acceleration
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of the ¢ylinder at seven locations along its length.
Two basic types of cylinders were used in the Eésts._
. First, a composite cylinder with negligible bending rigidity

was designed specifically for the tests to house seven ac-

celerometer pairs and to act as a model for a cable. Second,

steél tubing was used as a model for a marine riser.. The
steel tubiﬁg had a slightly larger I.D. than thé'cable‘s
0.D." so the cable could be placed inside the‘steel~tubinga
In‘this way, the response of the steel tubing could be mea-
sured by the accelerometers in the'cable}‘ In addit&oﬁ tov
thé.tests run on these two cylihders, tests were also per;
formed using the cable with eithervfairings ofulumped masses

" attached to it. However, only a limited amount of data‘will

be presented on the faired cable and on theucable_with,lumped

masses.

The'drag force data is presented in terms of the drag
coefficient and is plotted alongside the current and_RMS dis—
placement of the cylinder. 1In addition, results from a
method for predicting the drag coefficient for an_oscillating

-cylinder will be compared to measured results.
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CHAPTER IT

BACKGROUND THEORY

2.1 Basic Vortex Shedding Theory

When a stationary rigid cylinder is placed in a‘steady:
current with its axis normal to the direction of the flow,
vortices are shed as a result of flow separation. This vor-
tex shedding process is described best by its relation to the
Reynolds number. At Reynolds numbers less than 1, the flow
around a stationary cylinder is uniform with no vortices being
shed. The flow resembles that of an ideal fluid where vis-
cous effects have been neglected [Figure lal. As the Rey-
nolds number is increaSed, vortices begin to shed stmetri-
cally from the cylinder [Figure 1lb]. This symmetric shedding
Willvcontinue up to Reynolds numbers around 40. At this
point, instabilities begin to develop in the wake region and
the vortices start to shed in an alternating fashion [Figure
lcl. |

As a result of these vortices being shed, forcesfare
imPoSed on the cylinder. 1In the flow direction, in addition
to é éteady drag force, there is also a fluctuating drag
fbrce associated with the indiﬁidual shedding of Vortices.j.If
the Reynolds number is above 40, an alternating lift force
will also be present. This alternating lift force is a re-
sult of the transverse pressure giadient éét up by the non-
symmetric‘shedding of vortices and acts in a direction away

from the last detached vortex [l14]. The lift force frequency
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a) Reynolds number less than 1

b) Reynolds number between 1 and 40

I

c) Reynolds number greater than 40

Figure 1. Uniform Flow Around a Stationary Cy]inder
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is equal to the frequency at which pairs of vortices are
shed while the fluqtuating drag force frequency is twice this
since it is associated with individual shedding of vortices.
The Stréuhal number, St = fsd/V, is a non-dimensional
ﬁumber which relates the frequency at which pairs of vortices
-are shed (fs) and the diameter of the cylinder (d) to the
£low velocity (V). The Strouhal number is a function of the
Reynolds number. Hohever, over a wide range of Reynolds num-
bers (100 to 105) the Strouhal number for a smooth station-
ary cylinder is nearly constant and equal to about .2 [10].
_If the cylinder is flexible or flexibly mounted and
lightly damped, the fluctuating forces cause oscillations to
occur in both the in-line and transverse difection. The os-
cillations in the transverse direction will dominate with
amplitudes generally believed to be an order of magnitude
greater than those in the in-line direction. These oscilla-
_tibns cause lift and drag forces to increase and also result:
iﬁ a reduction in the shedding frequency. If the vortek
shedding frequency is within a range of about +25% of one of
the natural frequencies of the cylinder, a phenomena known
asvlock—in can occur [14]. When lock-in occurs, the vorte#
shedding frequency moves to the frequency of oscillation of
theAcylinder in a violation of the Stfouhal relationship.
Lock-in causes a resonant excitation of the cylinder with
corresponding increases in response amplitude and drag. This
lock-in condition will continue until the predicted vortex‘

shedding frequency is out of the +25% range. At this time
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the vortex shedding frequency will jump to a frequency close

to‘that’predicted by the Strouhal relationship.

2.2 Natural Frequencies and Mode Shapes

. 2.2.1 Cable
A cable with negligible bending rigidity can be modeled
as an .ideal string. The differential equation governing the

motion of the cable as given by the ideal string equation

igs
2 2
€ &4 = 2 - (2.1)
dx dt
where: P = Tension

‘m = Mass per unit iength of the cylinder.

If the cable is vibrating in water, added mass effects mﬁét
be considered. The theoretical added mass coefficieht for
a stationary chinder is 1.0. However, the added mass co-
efficient for a vibrating cylinder may be less than 1.0.

Solution of this differential equation leads to the following

expressions for the natural frequencies of the cable:

£ (Hz) = (%*i)\/}% (2.2)

Mode number

‘where: n

L Length of the cylinder

The mode shapes for the ideal string are simple sinusoids

given by?

Ly = Asin(n}:x) (2.3)
where: A = The modal response amplitude.
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A limited number of tests were conducted on a cable
with fairings. The natural frequencies of the cable with
fairings will be somewhat lower due to the additional mass
and added mass of the fairings. However, no formal analysis
of the faired cables dynamic behavior will be presented.

2.2.2 Steel Tubing

since the steel tubing used in the ekperiments had a
bending rigidity that cannot be neglected, it is not possible
to model it as'an ideal string. Instead, a good model for
the steel tubing is a beam under tension with pinned ends.

The natural frequencies for a beam under tension are given

by [2]:

N 2
EI
£ (Hz) = —2 (2.4)
n 27rL2 m
where:

2 22 p1.2
A =n"n 1+ (2.5)
n EInZn2

and EI is the bending rigidity of the cylinder.

The effects of rigidity on the natural frequencies of the
steel-tubing become more prevalent at the higher mode numbers.
In addition, the rigidity causes the modal frequencies to be
spaced further apart than the corresponding cable values.

The mode shapes for a beam under tension are exactly the same

as those for the cable.

2.3 Drag Coefficients

For a smooth cylinder in a steady flow, the dominant

contribution to the drag force is due to separation.
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Separation causes an area of reduced pressure to form in

the wake of the cylihder. This substantial pressure differ-
ence betwéen'the forebody and afterbody of the cylinder re-
sults in a net forcebbeing applied to the cylinder in thev.
flow direction. The expression for the mean drag force on

a cylinder is given by:

1 2
D = 5 CLeSV (2.6)

Q
!

where: D Drag coefficient
p = Density of the fluid

S = Projected area normal to the direction of the
flow. .

?or smooth stationary cylinders, there is a great deal of
éxperimental data relating drag coefficient to Reynolds num-
ber. An example is shown in Figure 2 [8, 15]. However, if
the cylinder is allowed to respond dynamically to the vortex
shedding forces this relationship is no longer valid.

The drag force on a vibrating rigid cylinder is not only
a function of flow speed but also the amplitude of vibration
of the cylinder. The drag force increases with amplitude be-
cause the cylinder presents a larger apparent projected area
to the flow. This force peaks when the cylinder is locked-
in and responding resonantly. Sarpakaya .[13] has performed
tests in recirculating water tunnels using short rigid alumi-
num tubes. The results from these tests are shown in Figure
3. The data in the figure was taken at flow speeds of .84
and 1.3 ft/s with cylinder diameters of .7 and 1.0 inches.

In Sarpakaya's tests, the cylinder was sinusoidally driven
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2.Q

1.5

STATIONARY DRAG COEFFICIENT

i { )
5x103 104 105 106 107

REYNOLDS NUMBER

- FIGURE 2. DRAG COEFFICIENT VS. REYNOLDS
- NUMBER FOR A SMOOTH STATIONARY CYLINDER.

and the drag force was measured directly. The drag coeffic-
ient results show a distinct dependence on the amplitude to
diametef ratio A/d. In addition, the drag coefficients are
also affected by the period of oscillation T. Sarpakaya uses
the non-dimensional parameter d/VT and the data shows a peak;
at values between .18 and .20.

Griffin and 'Ramberg [7] also measured the drag forces on
a Vibrating rigid cylinder. Their technique for measuring the
drag force involved measuring various wake parameters‘and ap-
plying the von Karman drag formulation. The data was taken

at a Reynolds number of 144 and their results show that vib-
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_ . .84
| 8.75
ool , a.sa
.28
2.2 , , l
2.28 | R.14 8.28

dsvT

FIGURE 3. MEAN IN-LINE DRAG COEFFE
OF A RIGID CYLINDER VS.4/VT FOR
A/d=0.25, ©.58, B8.75, AND 8.84.L131]
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ration can cause an increase of up to 184 percent in the
stationary drag coefficient.

When a cylinder is flexible and placed in a flow, the
flow can excite the cylinder to respond in both the in-line
and transverse directions. This response causes increases
in drag and makes the force mechanism even more difficult
td understand because the in-line response couples with the
transverse response to affect the magnitude and path of the
cylinder motion. Thus, the drag forces on the flexible cy-
linder are functions not only of current, density, and pro-
Jjected area but also response frequency, modal amplitude and
mode shape.

Skop, Griffin and Ramberg [17] did a least-squares fit
of data taken from the SEACON II project and derived the
following empirical expression for the local dra§ coefficient
as a function of the amplitude and'frequency of vibration of

a cylinder:

- 14 .65
Cpy/Cpp = 1 + 1.16 (W _-1) (2.7)

where: CDO = Drag coefficient for a stationary cylinder

Wy

Wake stability parameter.
The wake stability parameter contains the important dynamic
properties of the cylinder and is given by:

\ -1
W, = (1+2a/d}(StV )

(2.8)
where: a = Local vibration amplitude

Ve

li

Reduced velocity (V/fnd)

Substituting values into the wake stability parameter for
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St and Ve gives:
W, = (l+2a/d)(fn/fs) (2.9)

Furthermore, if we confine ourselves to cases at lock-in we

can reduce Wr to:
Wr = (1+2a/4) (2.10)

The expression for the local drag coefficient for a vibrating

cylinder then becomes:
= .65 '
CDl/CDO = 1+1.16 (2a/4d) (2.11)

To find the average drag coefficient for the vibrating flex-
ible cylinder, we must replace the local amplitude with the,:
mode shape, integrate over the length of the cylinder and
then divide by-the length. Using the mode shape given in
Equation 2.3, the above equation can be numerically integ-
rated [Appendix A] to give the following expression for the

drag coefficient of a vibration flexible cylinder:

_ 23, .65
Cor = Cpoll+-833 (57 °°°) 2.13)

where A is the modal amplitude. By limiting ourselves to’
cases at lock-in where the mode shapes and shedding frequency
are known, the drag coefficient relationship has been reduced

to one which dependé only upon the modal amplitude.
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CHAPTER III

THE EXPERIMENT

3.1 Test Site

The site chosen for the experiment, shown in Figure 4,
was a sandbar located at the mouth of Holbrook Cove near
Caétihe, Maine. This was the same site used in previous ex-
periments in 1975 and 1976 by Vandiver, Mazel and Kan [12,
‘18]. At low tidg, the sandbar was exposed allowing easy ac-
cess to the test equipment while at high tide it was covered
by about 10 feet of water. The test section was oriented
normal to the direction of the current which varied from 0
to_2.4 ft/s over the tidal cycle with only small spatial dif-
ferences over the section length at any given moment.

v The data taking station for the experiment was the R/V
Edgerton chartered from the MIT Sea Grant Program. The
Edgerton was moored for the duration of the experiment ap-
proximately 300 feet from the sandbar and connected to the‘
instruments on the sandbar by umbilicals.

Prior to the data taking part of the experiment, a féw
days were needed to prepare the site. A foundation for the
experiment was needed to anchor the supports that were to -
hold the ends of the test cylinders. To accomplish this,
six 4.5 inch diameter steel pipes were water jetted into the
sandbar utilizing the fire pump aboard the Edgefton. These

six pipes were made of two five foot sections joined by
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44° 22/38°"N

FIGURE 4. EXPERIMENT SITE
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couplings so that the overall length of each was 10.0 feet..
In addition, one 2.0 inch steel pipe 6 feet long was jetted
into the sandbar to be used as a current meter mount. Fin-
ally, a seétion of angle iron was clamped to the pipe used
to suppo;t the drag measuring mechanism and attached to
another support pipe to prevent any rotation of the drag
mechanism mount. Figure 5 shows a schematic diagram of the

experiment test section.

3.2 Drag Measuring System

The drag measuring mechanism was located at the west
end of the experiment test section. A 3 foot pipe was coup-
led to the inner support pipe. Onto this short pipe the drag

mechanism waé welded 2.5 feet above the mudline. ' The outer

two support pipes were guyed to this short pipe to prevent

any creep when the system was under load. The drag meaéuring
mechanism [Figure 6] consisted of a .25 inch stainless steel
triangular plate that was welded to a 1.0 inch stainless steel
shaft. The shaft was supported by a pillow block bearing at
either end. These bearings were bolted through 1.0 inch
spacers to a 15.25 x 8.0 x .25 inch steel plate which was
welded to the 3 foot pipe section. Along the backside of the
triangular plate, a 1.0 inch piece of angle iron was attach-
éd to serve as a contact point for a Sensotec Model 41 load
cell. The test cylinders were pin connected to the triangular

plate at the forward corner. The drag mechanism was designed

.80 that a drag force applied by the test cylinder at the pin

would generate a moment about the 1.0 inch shaft. This moment
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would be in equilibrium with the moment generated by the
force on the load cell. The load cell couid be moved fo
different locations to obtain the most favorable moment arm
ratio. The signal from the load cell traveled through wires

in the test cylinder: and through the umbilicals to the

Edgerton where they were conditioned and recorded.

3.3 Current Measuring System

‘The current was measured by a Neil Brown Instrument
Systems DRCM~-2 Acoustic Current Meter located 12.5 feet froﬁ
the west end of the test cylinder and 2 feet upstream. It
- was set so that it determined the current at the level of
the test cylinders. Signals from the current meter traveled
- through umbilicals to the Edgerton where they were monitored
and recorded. In addition, a current meter traverse was per-
formed using an Endeco current meter to determine the spatial
differences in current along the test section. The current
‘was found to be spatially uniform to within +3.0% from end

to end for all but the very low current speeds (V < 0.5 ft/s).

3.4 Tension Measuring System

The tension measuring and adjusting system [Figure 7] was
located at the east end of the experiment test section. Ex—
tensions were made ﬁo the twé inner water jetted posts at

this end. As shown in the diagram, a 5 foot extension was
made to the center post and a 3 foot extension was madeito
ﬁhe inner most post. What made this 3 foot extension diffgr-

ent from the rest was that its attachment to the jetted pipe
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TENSION LOAD CELL

~ [T

PIVOT JOINT

FIGURE 7. SCHEMATIC DIAGRAM OF THE
TENSION MEASURING SYSTEM
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at the mudline was a pin conneétion as compared to the stan-
dard pipe couplings used on the other extensions. This pin
connection gave it the ability to pivot in the plane of the
posts. Ontb this pivoting post, a hydraulic cylinder was
mounted 2.5 feet above the mudline. The test cylinders used
in the experiments were connected at one end to this hydfau-‘
lic cylinder and at the other end to the drag measuring de-
vicé. The test cylinders were attached 2.5 feet above the
‘mudline, a sufficient distance to avoid any boundary layer
éffects caused by the sandbar. A cable ran from the back of
the hydraulic cylinder to a Sensotec Model RM In-Line load
cell which was anchored at the other end to the center post.
In thié way, the force on the test cylinders was the same
férce seen by the load cell minus a small amount of friction
in the pin. 4The output from the tension load cell passed
through the umbilicals to the Edgerton where it was monitored.
Hydraulic hose ran from a hand operated pump on the Edgerton
to the hydraulic cylinder so that the tension could be changed

as desired.

3.5 Test Cylinders

3.5.1 Cable

A 75 foot}longvcomposite cable was developed specifically
for the experiments that were performed in the summer of 1981.
Figure 8 shows a cross—section and side view 6f the test
cable. The outer sheath for this cable was a 75 foot long
piece of clear flexible PVC tubing, which was 1 1/4 inches

0.D. by 1.0 inch I.D. Three 1/8 inch stainless steel cables
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tan through the tubing and served as the tension carrying.
members. A cylindrical piece of 1/2 inch neoprene rubber’
- was used to keep the stainless steel cables spaced’lzo de-
grées apart}_ The neoprene rubber spacer was continuous along
the length‘except at seven positiéns where biaxial pairs of
aédelerometers were placed. Starting at the east end, ﬁhése
p031tlons were at L/8, L/6, L/4, 2L/5, 5L/8, and 3L/4. These
accelerometers were used to measure the response of the cable
as the shed vortlces excited it. The accelercmeters were
sundstrand Mini-Pal Model 2180 Servo Accelerometers which
were sensitive to the direction of gravity. The biaxial pair-
ing of these accelerometers made it possible to determine
their orientation and hence extract real vertical and hori-
zontal accelerations of the cable at the seven lOéations.'
Three bundleé of ten wires each ran alongvthe sides of»the
neoprene spacer to provide power and signal connections to
the accelerometers and also to provide power and signal COﬁ-
nections to the drag measutring system. Finally, an Emerson
and Cuming flexible epoxy was used to fill the»voidéwin,the
cable and make it watertight. The weight per ﬁnit length of -
this composite cable was .7704 lbs/ft.

3.5.2 Steel Tubing

In a second set of experiments, the composite cable was
placed inside a 1.631 inch 0.D. by 1.493 inch I.D. steel tub-
ing so that stiffness effect could be studied. The tubing
was made of four equal sections that were joined thether to

be the same length as the cable. The tubing was connected
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to the hydraulic cylinder and to the drag cell mechanism by
special connectors. At the internal joints steel nipples

were welded to each end and stainless steel couplings were
used to join them. The special end connectors kept the cable
inside the tubing under a slight tension and neoprene spaéersH
at intervals of 18 inches between the cable and tubing inhib-
ited any relative motion between the two. The remainihg
cavity was allowed to fill with water. The weight per unit
length of the steel tubing with the cable inside-and the voids
flooded with water was 2.2344 1lbs/ft.

3.5.3 Lumped Masses

In another set of experiments, lumped masses were.fast—
ened to- the bare,cable and their effects studied. The lumped
masses were made of cylindrical PVC stock each 12.0 inches.
long with a 3.5 inch diameter. A 1.25 inch hole was drilled
through the center of each lumped mass so that the cable
~could pass through. 1In addition, four .625 inch holes were
drilled symmetrically around this 1.25 inch center hole so
that copper tubes filled with lead could be inserted to
change the mass of the lumps. In the field, it was difficult
to force the cable through the holes drilled in the PVC so
the masses were cut in half along the length of their axis. .
The masses could then be placed on the cable in halves and
héid together by hqse clamps. Different tests were run by
varying the number and location of lumps and by changing the
mass of the lumps. An example of these tests is reported on

in Appendix D.



35

3.5.4 Faired Cable

Finally, 11.6 x l/16 inch diameter Endeco plastic
stranded fairings were applied to the cable to see what
effects they would have on the response amplitude and drag
of the cable. |

| The mechanical properties and dimensions of the test
cylinders and lumped masses and fairings are summarized in
Appendix C.

3.6 Data Recording Equipment

During the experiment, data taken from the instruménﬁs
on the sandbar was recorded in two ways.v First, analog:éig-
nals from the 14 accelerometers as well as current and drag
were digitized, at 30.0 Hz pef channel, onto floppy disks
using a Digital Equipment MINC-23 Computer. Second, analog
signals from the drag cell, current meter, and 6 accelero-
meters were recorded by a Hewlett-Packard 3968A Recorder
onto 8-track tape. The floppies were limited to record
lengths of 8 1/2 minutes and were used to take data at sev-
éral times in each 2 1/2 hour data taking period. A Hew-=
lett-Packard 3582A Spectrum Analyzer was set up to monitoxr
~ the real time outputs of the accelerometers. The 8-track
tape was used to provide a continuous record of the complete

2 1/2 hour data cycle.
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CHAPTER IV

DATA REDUCTION PROCEDURES

4.1 Drag and Currént Data
Drag and curfent data was taken to obtain the steady

drag coefficients for the test cylinders. The drag data was
block averaged to try to eliminate the high frequency effects
associated with individual shedding of vortices. ‘The current
data was handled in a similar ménner so that the drag coeffic-
ients could be calculated discretely using Equation 2.1. For
the long recordS‘showing the drag coefficients over a 2 1/2
hour cycle, the average was taken over every 8.55 seconds of

data and for the short records showing specific examples of

" the cylinders behavior the average was over every 2.33 seconds

Qf data.

4.2 Accelerometer Data

Acceleration data taken from the seven biaxial pairs of
accelerometers was used to find the horizontal and vertical
RMS response of thé test cylinder. The accelerometers were
placed in biaxial‘ﬁairs at seven locations albng the test cy-
linder to give the best indication of modal response.

The initial step in dealing with the acceleratidn data
was to find the real vertical and hdrizontal.agceleration of
the accelerometer pairs. The accelerometer pairs éould not
be set in the test cylinders with one exactly horizontal and

the other exactly vertical, they were usually off by some
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angle. The problem was to determine this angle and rotate
ﬁhe signals back to true horizontal and vertical accelera-
tions. Each accelerometer used was sensitive to gravity and
gave a DC offset that was a function of the angle its sensi-
tive axis made to the direction of gravity. For the case
where the sensitive axis was in the direction of gravity,
tﬁe DC offset would be 1.0 volts, since the sensitiVity wés
1.0 volt/g, and if the sensitive axis was normal to the di-
rection of gravity the DC offset would be 0. Since the ac-
celefometers wére fixed in biaxial pairs, the combination of
the two DC offsets cbﬁld be used to obtain ithe angle neces-
sary to rotate the signals through to get true vertical and
horizontal acceleration. Equation 4;1 shows the relation be-
tween thé DC offsets and the rotation angie. InAthis‘case K
is a éonétaht whose value depends on which‘quédrant the aé—

celerometer used to measure vertical acceleration was located.

| HORIZONTAL DC]|.

® = ARCTAN | T%gRrTican be|

] + Km (4.1)

Once the true vertical and horizontal accelerations had
been found, a double integration was performed orn the data
to obtain vertical and horizontal displacement. A seven’step
process was developed by Jen-Yi Jong of MIT to perform this
double integration. The first step least—square fits the raw
acceleration data to remove any linear trends that might be
present. Second, an integration technique based on work done
by Schuessler and Ibler [16] is applied to the data tokgive

velocity. After this initial integration, a least-square fit
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followed by avhigh-pass filter is applied toithe velecity
" data to eliminate any low frequency noise that may have
been expanded in the integration process. The integration-
least-square fit-high-pass filter sequence is then repeated
to give the displacements of the cylinder at each accelero-
.meter pair. Figures 9 through 14 show an example of the
integration process on a vertical acceleration signal.

The.displacement data from the fourteen accelerometers
wds used to determine the vertical and horizontal mode
shapes of the cylinder. This was done by filtering the
displacement data from the fourteen accelerometers to the
known theoretical mode shapes of the cylinders, using a
‘least square technique. |

The displacement data was also used to obtain the RMS
response amplitude of the test cylinders at the location of
the accelerometer pairs. The RMS expression is given in Equ—
ation 4.2. The summation period for the RMS data was the
same as that used in the averaging of the drag and current

data.

(4.2)

Finally, if the displacement data exhibited single ﬁode
response characteristics, the vertical RMS displacement data
for an accelerometer location could be scaled to the modal
‘amplitude and used in conjunction with Equation 2.12 to pre-
dict the steady drag coefficient for the oscillating cylinder.

The stationary drag coefficient used in these predictions was
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1.175 which corresponds to the typical Reynolds numbers seen

in the experiments.
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CHAPTER V

RESULTS

5.1 2 1/2 Hour Drag Coefficient Records

Drag.:coefficients, for a 2 1/2 hour daﬁa'cycle, were cal-
culated for the steel tubing, bare cable, and faired cable.
These records are shown in Figures 15, 17, and 19 and are
plotted alongside current, vertical RMS displacement, and
horizontal RMS displacement. Immediately following eech of
these 2 1/2 hour records, in Figures 16, 18, and 20, are the
error bounds associated with each record. These error-bounds
are discussed in detail in Appendix B. The horizontal and
vertical RMS displacements were taken from location L/6 for
the steel tubing and bare cable, and from location 2L/5 for
the faired‘cable, These RMS results represent the ﬁotion aﬁ
those points and heve not been adjusted or corrected.for mode
shape. Over the é 1/2 hour test, many different modes are

excited Some may have nodal points near the locatlon for

.whlch the results are plotted.

The steel tubing data gives the best illustration of ﬁhe
relationship between the drag coefficient and cylinder dis—
placement. The drag coefficient and vertical RMS displace-
ment signals show similar behavior. A sustained increase in
the vertical displacement is matched by a similar increase in
the drag coefficient. 1In additioh, when the displecement ex-
hibits large fluctuations, large fluctuations also appear in’

the drag coefficient. The periods of sustained increase in
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theldisplaCement occur when the steel tubing isvloeked—in'
and responding in a single mode. During this single mode

_ reeponSe,'the fluctuations in the displacement and drag co-
efficientlsignals decrease dramatically. The regions of sin-
gle mode'reSponse are much more visible in the steel tubing
data than in either the bare cable'or faired cable data. |
This is becaase the bending rigidity of the steel tubing
causes the natural frequencies to be spaced furﬁher apart.
As a result, the steel tubing is more likely to respond in;a
single mode and to remain in that mode for a longer period |
"of time. The steel tube aiso has the lowest damping.

| " At one point in the steel tubing data,.thefe is a

sharp increase in the drag.coefficient coinciding with a o

sharp increase in the horizontal displacement and no corres-

wicgergd

ponding rise in the vertical displacement. In this‘inétance;
the locatioh of the accelerometer pair was probably near a
node for the vertical response.

Fewer simple observations can be made about the bare cable-
than the steel tubing. As was stated above, the fact that the
natural frequenc1es of the bare cable are so close together
makes it difficult for the cable to ‘respond in one mode for very
"~ long. The drag coefficients for the bare cable are somewhat
larger-than those for the steel tubing. This may be due to the
larger A/d ratio of the cable. | |

The drag coeff1c1ents for the cable w1th falrlngs are
about- 25% smaller than those for the bare cable. Invaddltlon,

the fluctuatlons in the dlsplacement and drag coefflclent
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signals for the faired cable are greatly reduced. The loca-
tion of the accelerometer pair used in determining‘the ver-
tical and horizontal displaceﬁent of the faired cable was
probably near a node for one of the common vertical modes

of oscillation.and near and anti-node for another. This

would explain the step-like appearance of the vertical RMS

displacement signal.

Another interesting observation to be made from Figufes
15, 17, and 19 is the difference in magnitude between the
hqrizontal and vertical displacement of the cylinders. Pre-
viously, the concensus of opinion was that the vertical dis;
placement was an order of magnitude greater than the hori-
zontal displacement. However, in the results shown here,
the vertical RMS displacement is only 2 to 5 times greater

than the horizontal RMS displacement.

5.2 Drag Coefficients at Lock-In

The largest drag coefficients for the vibrating cylin-
ders occur when the cylinders lock—ih. During lock?in; the
horizontal and vertical displacements of the cylinder are
regular sinusoidal time histories. At some locations, the
axis of the cylinder may exhibit a figure-eight motion. Typ-
ical examples of the vertical displacement and motion- .6f:the
cylinder at lock-in are shown in Figures 21 and 22, respec-
tively. The figure-eight motion of the cylinder illustrates

the fact that the horizontal response frequency of the cylin-

der is twice the vertical response frequency when the cylin-

der is locked-in. For every vertical cycle, the cylinder
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FIGURE 22. LOCK-IN MOTION OF
THE STEEL TUBING AT POSITION L/6.
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mus£ gc through_twc horizontalﬁcYcles to complete a figure-
eight. The horizontal and vertical motions represent'the
v reeansevcf different modes. In one example}:the"Verticalf{
,mction’cf'the pipe was third mode, while the'horizcntalwhc?_
tion was fifth mode. This is because for the pipe the £ifth
mcde'nétural frequency is two times the third mode.

| FFTe of the tubing and cable at lock-in are shoWn inil-t
‘Figures'23 and 24, respectively. These fiqﬁres"show thartk
at lock-in the motion of the cylinders is dominated'by‘oﬁe l'
mode. | | | |
| - Plots of the drag coefficient along with current, vertl—-
cal -RMS dlsplacement, and horlzontal RMS displacement for the
steel tublng and bare cable at lock-in are shown in Flgures
25 through 28. The location of the accelerometer palr used
to determine the RMS displacements was at L/6. |

InvFigure 25, the steel tubing is oscillating vertically

in the third mode and horizontallylin the'fifth.mode. Siﬁce
the acceleroﬁeter pair was locared at L/6, the vertical RMS
- displacement will be that of an anti-node and the horizcntal

RMS displacement will be for a position near a node. For

s

this example, the drag coefficient has a fairly constant value

of about 2.5 except at several points Where; fcr some unknown
reason, dropouts occur. Similar dropouts;elsc occur at the
‘same time in the vertical and horizontal RMS diSplacement of
the tubing which supports the thecry that the drag force on
an oscillating cylinder is highly dependenﬁvoh irs diéplace—

ment. In Figure 26, the steel tubing is again responding
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FIGURE 23. FFT OF THE STEEL

TUBING AT LOCK-IN. VERTICAL
DISPLACEMENT AT POSITION L/S6.
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N
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FIGURE 25. STEEL TUBING DURING

 THIRD MODE VERTICAL AND FIFTH MODE

HORIZONTAL RESPONSE. ACCELEROMETER
PAIR LOCATED AT L/6. G
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vertically in the third mode and horizontally in the fifth’
mode. However, this locked-in behavior decays to a non
locked-in state‘about 2 1/2 minutes into the record. During
this 2 1/2 minutes of lock-in behavior, the drag coefficient
has é value of 3.0. In Figure 27, the steel tubing is initi-
ally responding vertically in the second mode and horizon-~
tally in the third mode. However, as in the previous figure,
-the locked~in behavior decays to a non locked-in state aftér
about 2 minutes. For this case, the accelerometer pair is
located atvan anti-node for the horizontal mode and at an in-
termediate position for the vertical mode. The draé coeffic-
ient has an average value of about 2.5 while the steel tubing-
is';ocked-in and this drops to around 1.9 with large fluctu-
éﬁions when the tubing begins to respond randomly.

Figure 28 shows an example of the bare cable when it was
responding vertically in the third mode and horizontally in‘
the fifth mode. For this case, the average drag qoefficieht
can be seen to be about 3.15. The drag coefficients calcul-
atgd from the bare cable data are higher than those from the
stéel tubing. As was stated before, one possibie explanatiéﬂ

for this is the larger A/d ratio of the bare cable.

5.3 Non Lock-In Drag Coefficients

‘, When the vortex shedding process and the cylinder motion
are not locked-in, the cylihder will respond in some random
manner. Typicai examples of the vertical displacement and
real time motion of the cylinder during this random responsé

are given in Figures 29 and 30, respectively. These figures
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FIGURE 3@. NON LOCK-IN MOTION OF
THE STEEL TUBING AT POSITION L/6.
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show that, unlike the locked—ih case, the displacement ofA
the cylinder is no longer uniform and the motion of the cy-
linder is no longer a distinct figure-eight.

FFTs of the steel‘tubing and bare cable'dﬁring non
lock-inbresponse are given in Figures 31 and 32, respec-
tively. These figures show how the energy in the cylinder
is spread over a wider frequency range when the cylinder
is not locked-in. |

Drag coefficient examples for the steel tubing and bare
cable during this non lock-in behavior are shown in Figures
33 and 34, respectively. These figures show that the drag
coefficients during non -‘lock~in response are lower than
their locked-in counterparts. In addition, the fluctua-
tions in the drag coefficient, vertical RMS displacement;
and horizontal RMS displacement signals are larger in the
non locked-in examples.

5.4 Predicted Drag Coefficients

Drag coefficient predictions were performed for a
locked-in steel tubing test and a locked-in bare cable
test using Equation 2.12. The results of these predictions
are shown in Figures 35 and 36. The amplitude (A&) used in
Equation 2.12 was the vertical RMS displacement of the cy-
linders at position L/6. In the predicted drag coefficient
examples, both the steel tubing and the bare cable were
responding vertically in the third mode. Therefore, posi-
tion L/6 is an antinode and represents the model amplitude

of the cylinder. 1In the steel tubing case, the predicted
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drag coefficient underestimated the measured drag coeffic-
ient by about 14% except at the dropouts where the mea—-
sured and predicted values were almost the same. In adai—
tion, the form of the predicted and measured drag coeffic-
ient signals were gquite similar. On the other hand, the
shapes of the predicted and measured drag coefficient sig-
nals fér the bare cable were quite different and the pre-
dicted ﬁalues underestimated the measured values by 28%;
Appendix D presents an example of drag coefficient

data for a cable with lumped masses.
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CHAPTER VI

CONCLUSIONS

The drég coefficient for a long flexible cylinder ex-
cited by vortex sheddiﬁg is much larger than that for
stétionary cylinders. Maximum drag coefficients of about
-3.3'for the bare cable and 3.0 for the pipe are séeen in
the data. The stationary dfag coefficient value for ﬁhe
Reynolds number encountered is about 1.175. |

For the steel tubing, the largest drag coefficienﬁs
occurred when thé cylinder was locked-in. During lock-in,
the RMS displacement of the steel tubinngas also maximum
and the fluctuations in both the drag coefficient and RMS
displacement signals reduced dramatically. At non-lock-
in the mean dtag coefficient was lower, but was acéompanied
by large fluctuations in drag coefficient and response ém—
plitude. |

The bare cable's ldck—in regions are less distinét
than the steel tubing's. The closer spaéing of natural'
frequencies in the bare cable makes it more difficult for
iﬁ to respohd;in a éingle méde for very long. The bare
cable drag coefficient time history shows less“variatiqp
ovér the 2 1/2 hour record than the steel tubing making
it more difficult to detect régions of locked-in response.
On thé other hand, the high frequency fluctuatiops in the
dfag coefficient aﬁd RMS displacement signals are greater

in the bare cable data than in the steel tubing data.
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The appiication of the long stranded plastic fair-
ings to the bare cable reduced fhe drag coefficieﬁt by
about 25%. 1In addiﬁion, these fairings reduced the
‘fluctuations in both the drag coefficient and RMS dis-
placement signals.

Finally, the predicted drag coefficients, found by
using the method described by Gfiffin [5], underesti-
mated the measured drag coefficient by 14% in ‘the steel

tubing test and 28% in the bare cable test.
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DURING NON LOCK-IN RESPONSE
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FIGURE 32. FFT OF THE BARE CABLE

DURING NON LOCK-IN RESPONSE.
VERTICAL DISPLACEMENT AT POSITION L/6.
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FIGURE 33. STEEL TUBING DURING

- NON LOCK-IN RESPONSE.
ACCELEROMETER PAIR AT L/6.
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- FIGURE 34. BARE CABLE DURING

NON LOCK-IN RESPONSE.
ACCELEROMETER PAIR AT L/6.
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FIGURE 35. PREDICTED DRAG COEFF.

FOR STEEL TUBING DURING THIRD

MODE VERTICAL AND FIFTH MODE HORIZ-

ONTAL RESPONSE. VERTICAL RMS AT L/6.
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FIGURE 36. PREDICTED DRAG COEFF .
FOR BARE CABLE DURING THIRD

MODE VERTICAL AND FIFTH MODE HORIZ-
ONTAL RESPONSE. VERTICAL RMS AT L/6.
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APPENDIX A

INTEGRATION OF EQUATION 2.11

The expression for the local drag coefficient of an os-

cillating cylinder was given in Equation 2.1l as:

| .65 o
=1+ 1.16 (%i)~4 (A.1)

Q

Dl

[ o

DO

]

To find the average drag coefficient for a vibrating flex1ble
cyllnder, we must replace the local v1bratlon amplitude with
the mode shape, integrate over the length of the cylinder,
and then divide by the length. Substituting the mode shape

of the flexible cylinder into Equation A.l gives:

Cop.

Cpo

, .65 -
=1+ 1.16 [—— sin (nTX)] (A.2)

~ The average drag coefficient for the flexible cylinder is

then:
.65
L L C.. L oy ,
1 _ 7DO 27 nwx
| (A.3)
This expression can be reduced to:
SR .65
c..n L/n L/n
co= 22 s ax 4+ 5 1.16 (22 sin AT ax
DT L o o d
(A.4)

Integrating the first expression on the right-hand side and

making the substitution 7 = E%§ into the second leads to:
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.65 1 .65
_ 1.16 2A .
CDT = CDO[l + —T—\_—-—(——a-) S (sinZ) daz]) (A.5)

o
The integral expression on the right-hand side can then be

integrated numerically using Simpson's rule to give:
i .65

S (sinZ) dz
0

2.255 (A.6)

The expression for the average drag coefficient for a vibra-
ting flexible cylinder with mode shapes satiszing Equation
2.3 is then:

.65

- 2A
Cor = Cpoll *+ -833(3) ] (3.7
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APPENDIX B

ERRORS IN THE DRAG COEFFICIENT CALCULATIONS

The major source of error in the drag coefficient cal-
culations was thought to be attributable to errors in the

drag measurements. The current, projected area, and water

density are also important parameters, but any error in their

values was consideréd to be comparatively small. There were
two sources of error in the measurement of the drag fofce'on
the test cylinders. First, the slope of the calibration line
for the drag load cell could only be confirmed to within +5%.
Second, ﬁhe pin that connected the test cylinders to the drag
measuring device had a small amount of friction in it that
was estimated to be equivalent to at most +1.0 lbs. of drag.

The combination of these two errors provide an upper and low-

ervbound_on the calculated drag coefficients. The upper

bound is given by:

=(m x 1.05) + 1.0

Cﬁﬁ N 5 (B.1)
5 pSV
and the lower bound is:
c =(D x .95) - 1.0 (B.2)
DL 1 2

The percent error in the drag coefficient is the percent er-

ror in the drag force or:

$ Exror = (+ .05 + 1% x 100 | (B.3)

i
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From this relatiopship, we can see that as the drag force in-
_Créases the error due to pin friction will become small and
the +5% éalibration error will dominate. The piﬁ friction
efror can become very important as the drag force becomes
émall. However, for most of the results presented, the
drag force was large enough to keep the pin friction error
below 5%. The drag force becomes small enough to cause pré;
biems when the current velocity dropped below 1.26 ft/g for
the .pipe tests.and 1.43 ft/s for the cable. |
Errérs in £he velocity measurements havg been negleéted
in these calculations. The absolute calibration of the
_acoustié current meter is better :than 1%. However, it only
provided information at one point in the flow 2 feet upstream
of the cable at a location 12.5 feet from the drag cell.
Spatial non-uniformities on the order of +3% could be re—’
sponsible for additional errors in the drag coefficient cal-
culations. These errors will vary as the square of the
velocity error and hence imply an additional error of per-

“haps +6% in Cb.
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APPENDIX C

MECHANICAL PROPERTIES AND DIMENSIONS OF
TEST CYLINDERS AND LUMPED MASSES

Cable Specifications:

Length: 75.0 + .1 feet

Diameter: 1.25 + 0.02 inches

Weight per foot

in air: 0.7704 pounds per foot

Mass per foot: 0.0239 slugs per foot in air

Specific gravity: 1.408

- Pipe Specifications:

Length: 75.0 + 0.02 feet

Outside Diameter: 1.631 + .003 inches

Inside Diameter: 1.493 + .003 inches

Welight per foot 1.231 pounds per foot
in air:

Weight per foot
in air including
weight of the
internal cable:

2.001 pounds per foot

Weight per foot
including cable
and trapped
water:

2.236 pounds per foot

Specific gravity
of pipe with

cable and trap- 2.40
ped water:
Measured bending 4 ;06 . 10° + .05 x 105 pound inches?

stiffness,EI:
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Lumped Mass Properties

Materials: PVC plastic, copper, lead
Length: 12.0 inches

Outside Diameter: 3.5 inches

Inside Diameter: 1.25 inches

Ballast Hole )
Diameter: 0.625 inches
Weight in air

no lead ballast: +-41 pounds (2.0 kg)
Weight of water
- trapped in empty -

ballast holes .55 pounds (.25 kg)

when submerged

in water:

 _Weight-with

ballast: 2.97 pounds (4.52 kg)
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APPENDIX D

DRAG COEFFICIENTS FOR CABLES
WITH ATTACHED LUMPED MASSES

Figure 37 is a 2 1/2 hour plot of drag coefficient cur-
rent and RMS fesponse of the cable with lumped mésses. The
physical properties of the lumps may be found in Appendix‘c.
This particular test was one of ten different combinations of
the number, location, and weight of lumps used. 1In this par-
ticular‘case, two light weight lumps were located at points
equal to 1/8 and 1/2 of the cable length from the‘tensionmeter
end, and heavy weight lumps were located at the 1/3, 5/8, 3/4,
énd 7/8 points on the cable. The RMS response data for Figure.
37 was taken at the 3/4 point, the location of one of. the lumps.

On the plot there are several plateaus in RMS response,
which correspond to plateaus in drag coefficient. These regions
are likely times of single mode lock in response.

This plot is given as an example of the data set on pables
with.lumped masses. Much data analysis remains to be completed

and will be repdrted_on in subsequent theses, papers, and re-

ports.-
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